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Ground Levels and Ionization Potentials for Lanthanide and Actinide Atoms and 
Ions 

w c Martin, Lucy Hagan, Joseph Reader, and Jack Sugal 

Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 20234 

Values of the first four ionization potentials of the lanthanides (Z =57 -71) and of Hf have been 
compiled. All except the value for neutral Hf are based on spectroscopic data. The spectroscopic 
designations of the ground levels of the neutral through triply ionized atoms (Z =57 -72) are also 
tabulated. A similar compilation for the actinides (Z =89-103) lists Sugar's recent values for the first 
ionization potentials through No (Z=102). Accurate spectroscopic ionization potentials have been 
determined for only two of the actinide ions (Ac+ and Th3+). The ground-level designations for the 
neutral through triply ionized actinides are given where they are known or can be predicted with 
near certainty. A selection of references to the most complete and most recent work on the analyses 
of the optical spectra of the neutral through triply ionized lanthanide and actinide elements is 
included. 

Key words: Actinide elements; atomic data; atomic ground levels; ionization energies; ionization 
potentials; lanthanide elements. 

1. Introduction 

Recent progress on the analyses of lanthanide and 
actinide optical spectra has allowed a large increase in 
the number of spectroscopically determined ionization 
potentials for these elements. Some of these values 
were derived directly from spectroscopic series, but 
most were obtained by more indirect methods that 
nevertheless rely on known energy-level data or on 
predictions based on certain regularities in these data. 
The main purpose of this paper is to give a compila
tion of the most accurate available values of the 
ionization potentials (tables 1 and 2). We have also 
tabulated the spectroscopic designations of the ground 
levels of the neutral through triply ionized species, and 
given a selection of references from the most complete 
and most recent work on the analyses. The data in 
table 1 (except for Hf) represents a small part of an 
ongoing compilation of the energy levels of the rare 
earth atoms and ions [lJ. 1 ' 

C. E. Moore's 1970 compilation of ionization poten
tials and ionization limits is notable for its coverage of 
the entire periodic table, including all ionization stages 
for which data, were available [2]. However, at the 
time of its publication, J.P. values based on spectro
scopic data were unavailable for most of the doubly 
and triply ionized lanthanide species, and only three or 
four such values had been obtained for the actinide 
elements in any ionization stage. About fifty of the J.P. 
values listed here are new or improved values com
pared to the compilation of four years ago. 

2. Explanation of References to Analyses of 
Spectra 

The references following each table comprise a 

1 Numbers in brackets indicate references in section 5. 
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broader bibliography than would be required for sub
stantiation of the ground levels and ionization poten
tials. This is indicated by the heading "Analysis" in 
the keys to the references (instead of "Ground level"). 
The references under this heading for each atom or 
ion were chosen mainly as sources for most of the 
known levels and their designations. We have also 
given a number of recent references that supplement 
previous bibliographies [3,4], including some refer
ences to abstracts that describe major ongoing work ori 
the analyses. If the optical spectrum has been ana
lyzed, the references are thus 'a selection from the 
most complete and most recent work on the analysis. 
Some of the choices are unavoidably arbitrary. 

The references for analyses of the spectra of ions in 
solutions or crystals are especially incomplete. Such a 
reference is cited only if it gives a, significant number 
of low energy levels (of the IN ground configuration) 
that have not been determined from the free-ion 
spectrum. To aid in the identification of such spectra, 
we note that references 20, 32, 37, 42, 52, and 62 for 
table 1, and references 9, 11, 15, 17, 20, 22, 24, 26, 

'27, and 29 for table 2 are all to papers on the spectra 
of ions in solution or in crystals. Such references art' 
thus given for all the triply ionized lanthanides excepl 
La, Ce, Pr, and Lu. The only free-ion spectra .0J 
doubly or triply ionized actinides that have beell 
analyzed are Ac III, Th III, and Th IV. 

3. Ground Levels 

The designation under this heading is the electron 
configuration and term (with subscript J value) to 
which the ground level has been assigned. A more 
exact characterization of the level is given by itE 
eigenvector, obtained by diagonalization of the energ} 
matrix for the appropriate configuration or configura
tions. The single-term designation can represent onl) 
the leading component of such an eigenvector. Ideally, 
the eigenvector should be expressed in the couplin€ 
scheme(s) most appropriate to the known .levels of th{ 
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ground configUration (configuration group).2 We have 
tried to list the designations on this basis, but many of 
the configurations have been calculated only in LS 
coupling. In cases of significant doubt,. the LS designa
tion is given. For simplicity, parent terms are omitted 
from the designations except in cases of J Ij coupling 
(see below). (The complete designation of the ground 
level of Gd II, for example, is 4F~SO)5d (l'DO)6s IOD\/2 
[5]). 

3.1. Lanthanide Atoms (Table 1) 

All the indicated configurations include implicitly 
the Xe-like configuration 

which is the complete configuration for the La IV 

ground level. The Hf species have the additional 4(14 
filled subshell. The designations of the ground levels 
of Tb II, Pm III, and Dy III are not in real doubt, but 
are shown in braces because the indicated levels have 
not yet been experimentally established as lowest. 

The low levels of several of the singly ionized 
lanthanide atoms are grouped in pairs, clearly indicat
ing a J d coupling scheme for the corresponding 
4JN6s ground configurations. In this scheme, J J is the 
total angular-momentum quantum number of the 4fN 
core electrons and j represents the (spin) angular
momentum of the 6s electron [6]. The ground level, to 
a good approximation, thus belongs to a (] 1> 1/2) pair 
term .. The J value (] =J 1 ± 1/2) for such a ground level 
in table 1 appears as a subscript to the term symboL 

The designations vary widely in the completeness of 
their characterizations of the corresponding levels. 3 

The term designation of the Gd II ground level, for 
example, accounts for 100 percent (to the nearest 1%) 
of the composition of the calculated eigenvector, and 
the corresponding percentage for the Eu I ground-level 
designation is 98 percent. The ground levels of neutral 
and singly ionized cerium, on the other hand, are two 
.m those least completely described by their designa-
tions. The 4j5d2 4H07/2 component accounts for only 48 
percent of the calculated eigenvector composition of 
the Ce II ground level, which may be the lowest 
leading percentage represented by any designation in 
table·1. The 4j5d6s2 ICo 4 component is 55 percent of 
tlie composition of the Ce.I ground level [7]. 

3.2. Actinide Atoms (Table 2) 

The electron configurations shown are in addition to 
the Rn-like configuration 

% This. is usually, but not necessarily. the scheme in which the ground level itself has the 
highest eigenvector purity. It appears best to designate the ground level in accordance with 
tbe known structure of the configuration to which it belongs. Thus the ground level of 
Th III is designated 3Ho~ in table 2 because of the overall appropriateness of LS coupling for the 
lf6d ~onflgUr.tion; the calculated purity of the ground level alone is 99 percent (5/.,.6d,,,) injj 
coupling, and only 76 percent '110 in LS coupling [see ref. in table 2]. . 

13 SoUrces for quantitative results quoted without references in the' remainder of this 
pauer are the references followine: the tabJes. 
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except for Ac IV, for which this is the complete ground 
configuration. Some practically certain ground-level 
designations that have not been experimentally estab
lished are given in braces. Brewer [8] and Vander 
Sluis and Nugent [9] have given estimates of the 
energies of the lowest levels of a number of configura
tions in the neutral through triply ionized actinide 
atoms. 

The low levels of those neutral actinide atomic 
ground configurations that include a 6d electron are 
best described in a J Jj-coupling scheme [10] made 
obvious by the notations in table 2. The ground levels 
of Cf II and Es II have J Ij designations analogous to 
those described above for lanthanide ions. 

Although the ground level of Th II has usually been 
designated either 6d 27s 4F 3/2 or 6d7s2 2D3/2 , Minsky's 
calculation [H] indicates that neither name is appro
priate. The two largest eigenvector percentages for the 
level are 43 percent 6d2 7s 4F3/2 and 27 percent 6d7s 2 

2D3!2~ as compared with the equivalent quantities for a 
level 1859 cm- l higher, which are 52 percent 6d2 7s 
4F3/2 and 36 percent 6d7s2 2D3/2 . The designation 6d7s 2 

2D3/2 is thus not suitable as a name for any Th II level, 
and 6d27s 4F3/2 is more appropriate for the excited 
level. The group of three strongly interacting Th II 

configurations 6d7s2, 6d2 7s, and 6d3 are indicated in 
table 2 by a conventional notation, (6d+7S)3; Th II has 
no "ground configuration," only this ground configura
tion group or complex. Similar strong interactions 
among the low configurations in a number of other 
cases (Ce II, for example) are not apparent ftom tables 
1 and 2 only because the ground level itself is less 
affected than in Th II. 

Litzen has very recently shown that the 5f6d 3H04 

level of Th III . lies 63 cm-1 below the 6d 2 
3 F 2 level 

previously considered more likely to be lowest [ref. 5 
in table 2]. The latter (metastable) level is apparently 
the lowest level of opposite parity to the ground level 
in any atomic species whose structure has so far been 
analyzed. 

The actinide ground configurations containing a 5JN 
electron group have. level structures less well de
scribed by LS coupling than the corresponding lan
thanide configurations. This tendency away from LS 
coupling arises from the relatively larger spin-orbit 
interaction (compared to the electrostatic interactions) 
for the 5f electrons. Thus the purity of the 5f6 7 F 0 

designation of the Am IV gr<?und level is only 47 
percent, as compared with a purity of 94 percent for 
the 4f6 1 F 0 ground level of Eu IV [12]. Wybourne has 
suggested that some of the 5JN configurations in the 
a~tinides may be better described in jj coupling than 
in LS coupling [13], but no systematic investigation of 
this point appears to have been carried out. 

Crystal spectra of higher than triply ionized actinide 
species have been observed; as expected, in all known 
cases the higher members of each isoelectronic se-
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quence have the same ground-level designation as the 
triply ionized member of the sequence. 

4. Ion ization Potentials 

The values listed are the principal ionization poten
tials. The most accurately determined values in table 1 
were obtained by fitting spectroscopic series of three 
or more members to series formulae [14]. Such series 
are known in only a few lanthanide spectra and no 
actinide spectra, however; most of the LP. values for 
the lanthanides were obtained by a method involving 
the interpolation of series properties [refs. 3, 14, 8, 
and 5 in table 1]. Sugar has also applied this method 
to obtain the ionization potentials of the neutral 
actinide elements given in table 2 [ref. 2 in table 2]. 

The estimated uncertainty in the last digit of each 
I.P. value is given in parentheses following the value. 
The confidence levels of the quoted uncertainties were 
not given for some of the original LP. determinations, 
but we believe most can safely be taken as standard
deviation er~ors (~70% confidence level). Specifically, 
the "uncertainties" given with the I.P. values in refs. 
3, 5, 8, and 14 of table 1 and in ref. 2 of table 2 are at 
least this large. Values with no listed uncertainties 
are discussed after the appropriate references in the 
tables. 

All ionization energies originally obtained in units of 
em-I have been converted to electron-volts with a 
divisor of 8065.479 cm-l/eV [15]. The standard-devia
tion .uncertainty in this divisor (0.021 cm-l/eV) contrib
utes significantly to the LP. error only for Yb I and 
Tm I; the stated uncertainty for each of these values 
before conversion was ±0.1 em-I. 

The most accurate value of the I.P. for Hf I appears 
to be a recent determination by the electron-impact 
method [ref. 68 in table n and the value listed for 
Eu I is based mainly on a measurement by a photo ion
ization technique {ref. 28 in table 1]. Although all the 
other values in the tables are from spectroscopic series 
or interpolation of series properties, .it deserves men
tion that consistent values have been obtained by other 
method~ in a number of cases. In particular, the 
accuracy of the third ionization potentials of the 
lanthanides obtained by Faktor and Hanks [16] from 
the Born-Haber cycle appears to have been limited 
mainly by the errors in the values used for the first 
two ionization potentials of these elements. 

The second and higher ionization potentials for the 
actinide elements are not tabulated, since sufficient 
data to obtain reliable values are available only for the 
two ions noted below. 

Note Added in Proof 

K. L. Vander Sluis and L. J. Nugent have recently 
obtained new values for some of the third and fourth 
ionization energies of the lanthanides using 
theoretically-based expressions with parameters deter-

mined by fitting accepted values along the lanthanide 
series [J. Chern. Phys. 60, 1927 (1974)]. Their new val
ues and the values in table 1 are generally in satisfactory 
agreement. 

4.1. Ac II and Th IV 

The ionization potential of Ac II can be obtained by 
taking the 7s2 and 7s8s configurations as a two-member 
series having an accurately known value for the 
difference (L~n *) between the quantum defects of the 
two members [17]. The corresponding difference in the 
isoelectronic spectrum Ra I is ~n * = 1. 053, and for 
the somewhat less analogous Ra II 7s and 8s terms, 
~n * = 1.063. An assumed value of ~n * = 1.055 ± 
0.006 for Ac II gives an I.P. of 11.75 ± 0.03 V (94800 
± 250 em-I ).4 

Klinkenberg and Lang [18] have obtained the ioniza
tion potential of Th IV from the 7s and 8s terms. Their 
value for the limit relative to the Sf 2 F\/2 ground level 
(231 900 em-I) corresponds to a value of n *(Bs) -
n *(7s) = 1.054. This value is consistent to within 0.01 

. not only with the homologous case of Ce IV noted by 
them, but also with the value of 1.063 obtained from 
the isoelectronic spectrum Ra II. The above limit is 
equivalent to 28.75 ± 0.12 V for the Th IV J.P., where 
the error corresponds to an error of ±0.01 for ~n*. 

5. References for Text 

[1] Martin, W. C., Zalubas, R., and Hagan, L., work in progress, 
1974. A similar compilation of the energy levels of the 
actinide elements is less far advanced. 

[2] Moore, C. E., Ionization Potentials and Ionization Limits De
rived from the Analyses of Optical Spectra, Nat. Stand. Ref. 
Data Ser., Nat. Bur. Stand. (U.S.), 34, 10 pp (1970). 

[3] Moore, C. E., Bibliography on the Analyses of Optical Atomic 
Spectra, Nat. Bur. Stand. (U.S.), Spec.' Pub!. 306, Section 3, 
37 pp (May 1969); Section 4, 48 pp (Aug. 1969). 

[4J Hagan, L., and Martin, W. C., Bibliography on Atomic Energy 
Levels and Spectra, July 1968 through June 1971, Nat. Bur. 
Stand. (U.S.), Spec. Pub!. 363, 103 pp (1972). 

[5] Goldschmidt, Z. B., and Nir, S., Physica (Utrecht) 51, 222 
(1971). 

[6J Wybourne, B. G., Spectroscopic Properties of Rare Earths, 236 
pp (John Wiley & Sons, New York, 1965). 

[7] Goldschmidt, Z. B., and Salomon, D., unpublished calculations 
of the odd-parity levels of Ce I (1970). 

[8J Brewer, L., 1. Opt. Soc. Amer. 61, llOl (1971); ibid., 1666 
(1971). 

[9] Vander Sluis, K. L, and Nugent, L. J., 1. Opt. Soc. Amer. 64, 
687 (1974). 

[lOJ Judd, B. R., Phys. Rev. 125,613 (1962). 
[11] Minsky, N., Ph.D. Thesis, Hebrew Univ. Jerusalem, 100 pp 

(1969). 
[12] Ofelt, G. S., J. Chern. Phys. 38,2171 (1963). 
[13J Wybourne, B. G., J. Chern. Phys. 36,2301 (1962). 
[14J Edlen, B., Encyclopedia of Physics 27, 80, S. Fliigge, Ed. 

(Springer-Verlag, Berlin, 1964). 

, This value differs from the value obtained by Meggers et al. [171 partly because they 

used the Ac n 7sSs I S term as the upper series member (instead of the 7s& configuration 
baricenter). and partly because of a numerical error. Their value for the limit. 97300 em-I, 

gives n·(7sBs IS) - n*(7,$! IS) = 1.037, instead of the stated value 1.055. 

J. Phys. Chern. Ref. Data, Vol. 3, No.3, 1971 
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US] Cohen, E. R., and Taylor, B. N., J. Phys .. Chern. Ref. Data 2, 
663 (1973). 

[l6] Faktor, M. M., and Hanks, R., J. Inorg. Nucl. Chern. 31, 1649 
(1%9). 

J. Phys. Chern. Ref. Data, Vol. 3, No.3, 1974 

[17] Meggers, W. F., Fred, M.,and Tomkins, F. 5., J. Res. Nat. 
Bur. Stand. (U.S.) 58, 297 (1957). 

[18] Klinkenberg, P. F. A., and Lang, R. J., Physica (Utrecht) 15, 
774 (1949). 
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TABLE 1. Ground levels and ionization potentials for the neutral through triply ionized lanthanide atoms (and Hi). The designations of the 
ground levels of Tb II, Pm III, and Dy III are enclos/ed in braces because the indicated levels have not yet been experimentally estab
lished as lowest. 

Neutral, I 
Z Element 

Singly ionized, II Doubly ionized, III Triply ionized, IV 

Ground level LP.a Ground level I.p.a Ground I.p.a Ground I.p.a 
(volts) (volts) level (volts) level (volts) 

57 La 5d6s2 2D3/2 5.5770(6) 5d z 3F2 11.060(10) 5d zD 3/2 19.1774(6) 5p 6 15
0 49.95(6) 

58 Ce 4/5d6sz ICO 4 5.466(20) 415d 2 4H07/2 10.85(8) 4f2 3H4 20.198(3) 4/ 2FoSIZ 36.758(5) 
\ 

59 Pr 4j36s2 4/09/2 5.422(20) 4j3(4f09/2 )6s (912,1/zt4 10.55(8) 4/3 4[°912 21.624(3) 4J2 3H4 38.98(2) 

60 Nd 4/46s 2 S[4 5.489(20) 4f4 (5[4)6s (4, l/zh'2 10.73(8) 4f4 5[4 22.1(3) 4f3 4f09/2 40.41(20) 

61 Pm 4j56s z 6H05/2 5.554(20) 4/5 6s 7H02 10.90(8) {4f5 6W } . SI2 22.3(4) 4f4 5[4 41.1(3) 

62 Sm 4J66s2 7FO 5.631(20) 4/6 68 sFl/2 11.07(8) 4/6 7F 0 23.4(3) 4f5 6HoSI2 41.4(4) 

63 Eu 4J76s2 85°712 5.666(7) 4j76s 95°4 11.241(6) . 4j7 85°712 24.92(10) 416 7F 0 42.6(3) 

64 Gd 4J75d6s2 9D02 6.141(20) 4[15d6s IODoS/2 12.09(8) . 4j7 5d 9Doz 20.63(10) 4j7 85°712 44.0(3) 

65 Tb 4j9 6s26 HO 15/2 5.852(20) {4f96s 7HoS} 11.52(8) 4j9 6Ho1S12 21.91(10) 4fs 7F6 39.79(20 

66 Dy 4/10 6s 2 S[s 5.927(8) 4110 (5 [8)6s (8,1/Z)1712 11.67(8) 4flo S[s} 22.8(3) 4f9 6Ho1S/2 41.47(20 

67 Ho 4/116s2 4[°15/2 6.018(20) 4f11(4fOI5/2)6s (l5/2,1/2ts 11.80(8) 4/11 4f01512 22.84(10) 4flo S[s 42.5(3) 

68 Er 4112 6s2 3H 6 6.101(20) 4f12(3H,,)6s (6,I/zb/2 .11.93(8) 4f12 3H" 22.74(10) 4/11 4f01S/2 42.65(20 

69 Tm 4113 6s 2 2F07/2 6.18436(6) 4/13(2F07/2)6s (7/2,I/zt4 12.05(8) 4/13 2F0712 23.68(10) 4f12 3H6 42.69(20 

70 Yb 4/14 6s2 150 6.25394(2) 4f146s 251/2 12.184(6) 4/14 15
0 25.03(2) 4f13 2F0712 43.74(20 

71 Lu 4114 5d6s2 2D3/2 5.42589(2) 4/14 6s 2 15 0• 13.9(4) 4114 6s 251/2 20.9596(10 ) 4f14 15
0 45.19(2) 

72 Hf 5d 26s 2 3F2 6.65(10) 5d6s2 2D3/2 14.9 5d 2 3F 2 23.3 5d 2D312 33.33(2) 

a The number in parentheses is the estimated standard-deviation error in the last digit of the quoted value. 
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Key for references to table 1 

Neutral, I Singly ionized, II Doubly ionized, III Triply ionized, IV 

Z Element 
Analysis J.P. Analysis 

57 La 1 2 1 
58 Ce 7 8 9 
59 Pr 12, 13 14 15 
60 Nd 18 14 18 
61 Pm 22 14 23 
62 Sm 25 14 25 
63 Eu 27 28 29 
64 Gd 33,34 8 33,35 
65 Tb 39 14 40 
66 Dy 43,44 44 43, 44 
67 Ho 45,46 14 47 
68 Er 49 14 50 
69 Tm 54 55 55 
70 Yb 57,58 58 59,60 
71 Lu 63,64 64 65 
72 Hf 1 68 1,69 

References for Table 1 

[1) Moore, C. E., Atomic Energy Levels, Vol. III, Nat. Bur. Stand. 
(U.S.) Circ. 467, 245 pp. (1958). For La I, see also Stein, J., 
Ph.D. Thesis, Hebrew Univ. Jerusalem (1967); and J. Opt. 
Soc. Amer. 57, 333 (1967); Ben Ahmed, Z., Blaise, J., 
Verges, J., and Wyart, ]. F., Abstract 20 in Summaries of 
Contributions to the Fifih Annual Conference of the European 
Group for Atomic Spectroscopy (Lund, Sweden, 1973). For La 
II, see also Goldschmidt, Z. B., Ph.D. Thesis, Hebrew Univ. 
Jerusalem, 487 pp. (1968). 

[23 Garton, W. R. S., and Wilson, M., Astrophys. J. 145, 333 
(1966). 

(3) Sugar, J., and Reader, J., J. Opt. Soc. Amer. 55, 1286 (1965). 
The authors obtain values for the J.P. from three different 
series in La II that agree to within 52 cm- 1 (0.006 eV). The 
error estimate for their adopted value for La II is thus 
conservatively at the 70 percent confidence level. 

[4] Odabasi, H., J. Opt. Soc. Amer. 57, 1459 (1967); Johansson, S., 
and Litzen, U., 1. Opt. Soc. Amer. 61, 1427 (1971). ' 

[5] Sugar, J., and Reader, J., J. Chern. Phys. 59, 2083 (1973). We 
have adjusted the LP. value for Gd rv to 'take into account a 
more accurate value of 92270 ± 100 cm-1 for the 4j"Sd - 4f' 
separation (J. F. Kielkopf, unpublished material, 1974). ' 

[6] Epstein, G. L, and Reader, J., J. Opt. Soc. Amer. 61, 1590A 
(1971). The error estimate is' from unpublished material~ J. 
Reader (1974). 

[7] Martin, W. c., Phys. Rev. A 3, 1810 (1971); Oreg, J., Salomon, 
D., and Goldschmidt, Z. B., Abstract 21 in Summaries of 
Contributions to the Fifth Annual Conference of the European 
Group for Atomic Spectroscopy (Lund, Sweden, 1973); Oreg, 
Y., Ph.D. Thesis, Hebrew Univ. Jerusalem, 201 pp. (1973). 

[8] Reader, J., and Sugar, J., J. Opt. Soc. Amer. 60,1421 (1970). 
[9] Corliss, C. H., J. Res. Nat. Bur. Stand. (U.S.) 77A, 419 (1973). 
[10] Sugar, J., J. Opt. Soc. Amer. 55,33 (1965). 
[II] Lang, R. J., Can. J. Res., Sect. A 14, 127 (1936). 
[12] Zalubas, R., and Borchardt, B. R., J. Opt. Soc. Amer. 63, 102 

(19.73). 
[13] Blaise, J., Verges, J., Wyart, J. F., Camus, P., and Zalubas, 

R., Abstract 22 in Summaries of Contributions to the Fifth 
Annual Conference of the European Group for Atomic 
Spectroscopy (Lund, Sweden, 1973); J. Opt. Soc. Amer. 63, 
1315 (1973). 

[14] Reader, J., and Sugar, J., J. Opt. Soc. Amer. 56, 1189 (1966). 
[15] Rosen, N., Harrison, G. R., and McNally, J. R., Jr., Phys. 

Rev. 60, 722 (1941). The LS-coupling designation for the 
ground level is 4.f6s sr4• 

J. Phys. Chem. Ref. Data, Vol. 3, No.3, 1974 

I.P. Analysis J.P. Analysis I.P. 

3 4 5 6 6 
3 10 5 11 5 
3 16 5 17 5 
3 19 5 20,21 5 
3 24 5 20 5 
3 26 5 20 5 

30 31, 31a 31a 32 5 
5 36 5 37,38 5 
3 41 5 42 5 
3 24 5 20 5 
3 48 5 20 5 
3 51 5 20,52,53 5 
3 56 5 20 5 

60 61 5 62 5 
3 66 66 67 67 

70 71,72 71 71 5 

(16) Sugar, J., J. Opt. Soc. Amer. 53, 831 (1963); J. Res. Nat. Bur. 
Stand. (U.S.) 73A, 333 (1969). 

(17) Sugar,J., J. Opt. Soc. Amer. 55, 1058 (1965); 61,727 (1971); 
Crosswhite, H. M., Dieke, G. H., and Carter, W. J., J. 
Chern. Phys. 43,2047 (1965). 

[18] Blaise, J., Chevillard, J., Verges, J., and Wyart, J. F., 
Spectrochim. Acta, Part B 25, 333 (1970); Morillon, c., 
Spectrochim. Acta, Part B 25, 513 (1970); Blaise, J., Wyart, 
J. F., Hoekstra, R., and Kruiver, P. J. G., J. Opt. Soc. 
Amer. 61, 1335 (1971). The LS designation for the ground 
level is 4f46s 6/712 , 

[19] Crosswhite, H., and Crosswhite, H. M., J. Opt. Soc. Amer. 60, 
1556A (1970); and private communication (1974). 

[20] Camall, W. T., Fields, P. R., and Rajnak, K., J. Chern. Phys. 
49, 4424 (1968). " 

[21] Irwin, D. 1. G., Ph.D. Thesis, Johns Hopkins Univ., 102 pp. 
(1968); (Univ. Microfilms, Ann Arbor, lVlich., No. 69-21,084). 

[22] Reader, J., and Davis, S. P., J. Res.' Nat. Bur. Stand. (U.S.) 
71A, 587 (1967). 

[23] Davis, S. P., and Reader, J., J. Opt. Soc. Amer. 62, 1370A 
(1972). 

[24] No analysis of the free-ion spectrum. For estimates of the 
energies of other configurations: Martin, W. c., J. Opt>Soc. 
Amer.61, 1682 (1971); Brewer, 1.., J. Opt. Soc. Amer. 61, 
1666 (1971). D. S. McClure and Z. Kiss [J. Chern. Phys. 39, 
3251 .(1963)] hav~ shown that the observed absorption and 
fluorescence spectra of Dy'+ in a CaF2 host crystal are 
consistent with a 41'° 5/8 ground level, but no detailed 

• analysis of these spectra appears to have been carried out .. 
[25] Blaise, J., Morillon, C., Schweighofer, M. G., and Verges, J. 

1.., Spectrochim. Acta, Part B 24,405 (1969). 
[26) Dupont, A., J. Opt. Soc. Amer. 57,867 (1967). 
[27] Russell, H. N. and King, A. S., Astrophys. J. 90, 155 (1939); 

Smith, G., and Wybourne, B. G., J. Opt. Soc. Amer. 55, 
121 (1965); Smith, G., and Collins, B. S., J. Opt. Soc. Amer. 
60, 866 (1970); Smith G., and Wilson, M., J. Opt. Soc. 
Amer. 60, 1527 (1970). 

[28] Parr, A. C., J. Chern. Phys. 54,3161 (1971); and ref. 14. The 
1.1\. given here is a weighted average of the values given in 
these two references. 

[29] Russell, H. N., Albertson, W., and Davis, D. N., Phys. Rev. 
60, 641 (1941). 

[30] Value obta}ned by adjustment of series data in ref. 29 to 
include a correction based on systematic behavior of ns 
series (Reader, J., unpublished material, 1973). 

[31] Martin, W. c., and Sugar, J., Astrophys. J. 184,671 (1973). 



ATOMIC DATA FOR LANTHANIDE AND ACTINIDE ELEMENTS 777 

[31a) Sugar, J., and Spector, N., new analysis of Eu III submitted 
for publication to J. Opt. Soc. Amer. (1974). 

[32] Camall, W. T., Fields, P. R., and Rajnak, K., J. Chern. Phys. 
49,4450 (1968). 

[33] Blaise, J., Chevillard, J., Verges, J., Wyart, J. F., and van 
Kleef, T. A. M., Spectrochim. Acta, Part B 26, 1 (1971). 

[34] van Kleef, T. A. M., Blaise, J., and Wyart, J. F., J. Phys. 
(Paris) 32, 609 (1971). 

(35J Blaise, J., van Kleef, T. A. M., and Wyart, J. F., J. Phys. 
(Paris) 32, 617 (1971); Spector, N., J. Phys. (Paris) Colloq. 
C 4 31, 173 (1970). 

[36] Calla~an, W. R., J. Opt. Soc. Amer. 53, 695 (1963); Johansson, 

S., and Litzen, D., Phys. Scr. 8, 43 (1973). 
[37] Carnall, W. T., Fields, P. R., and Rajnak, K., 1. Chern. Phys. 

49,4443 (1968). 
[38J Kielkopf, J. F., and Crosswhite, H. M., J. Opt. Soc. Amer. 60, 

347 (1970). 
[39J Klinkenberg, P. F. A., and van Kleef, T. A. M., Physica 

(Utrecht) 50, 625 (1970); Klinkenberg, P. F. A., Physica 
(Utrecht) 57, 594 (1972), and references therein. 

[40J Meinders, E., Physica (Utrecht) 42, 427 (1969); Thesis, Amster
dam, 75 pp. (1970). See also ref. 24. 

[41] Meinders, E., van Kleef, T. A. M., and Wyart, J. F., Physica 
(Uttecht) 61, 443 (1972). 

[42] Carnall, W. T., Fields, P. R., and Rajnak, K., J. Chem. Phys. 
49,4447 (1968). 

(43) Conway, J. G., and Worden, E. F., J. Opt. Soc. Amer. 61, 704 
(1971). The LS designation for the ground level of Dy II is 
4f06s 6/1712 , 

[44] Wyart, J. F., Thesis, Univ. Paris-Sud, Or-say, 194 pp. (1973). 
The error estimate for the I.P. value is our own. 

{45] Blaise, ]., Camus, P., Guelachvili, G., Verges, J., and Wyart, 
J. F., C. R. H. Acad. Sci. Ser. B 274, 1302 (1972); ibid., 
275, 81 (1972). 

[46J Wyart, J. F., Blaise, J., Verges, J., Camus, P., and Fred, M., 
Abstract 23 in Summaries of Contributions to the Fifth 
Annual Conference of the European Group for Atomic 
Spectroscopy (Lund, Sweden, 1973). 

[47] Sugar, ]., ]. Opt. Soc. Amer. 58, 1519 (1968); Livingston, A. 
E., Jr., and Pinnington, E. H., J. Opt. Soc. Amer. 61, 1429 
(1971). The LS designation of the ground level is 4f16s srB• 

[48] McElaney, J. H., J. Opt. Soc. Amer. 57,870 (1967). 
f49] Marquet, L. c., and Davis, S. P., J. Opt. Soc. Amer. 55, 471 

. (1965); Racah, G;, Goldschmidt, Z. Bo, and Toaff, 5., J. Opt. 
Soc. Amer. 56, 407 (1966); Spector, N., J. Opt. Soc. Amer. 
56,341 (1966); ibid., 57,308 (1967): ibid., 61, 1350 (1971): 
Held, S., ASlrophys. J. J67 (PI. 1), 203 (1971): van Kleef, T. 
A. M., and Koot, J: J. A., J. Opt. Soc. Amer. 63, 1315 
(1973). . 

[50J Vander Sluis, K. L., an£l McNally, J. R., Jr., J. Opt. Soc. 
Amer. 60, 94 (1970); Spector, N., J. Opt. Soc. Amer. 61, 
672A (1971); Spector, N., Astrophys. J. 167 (Pt. 1), 205 

(1971); van Kleef, T. A. M., and Koot, J. J. A., ]. Opt. Soc. 
Amer. 63, 1315 (1973). The LS designation for the ground 
level is 4f26s 'H 1312' 

[51] Spector, N., J. Opt. Soc. Amer. 63,358 (1973). 
[52] Wybourne, ·B. G., J. Chern. Phys. 32,639 (1960). 
[53] Carter, W. J., Thesis, Johns Hopkins Univ., 65 pp. (1966) 

(Univ. Microfilms, Ann Arbor, Mich., No. 66--12, 510). 
[541 Sugar, J., Meggers, W. F., and Camus, P., J. Res. Nat. Bur. 

Stand. (U.S.) 77A, 1 (1973). 
155] Camus, P., Thesis, Univ. Paris, Orsay, 265 pp. (1971). The LS 

designation for the ground level of Tm II is 4f36s 3Fo ,. 

[56] Sugar, J., J. Opt. Soc. Amer. 60,454 (1970). 

[57] Meggers, W. F., and Scribner, B. F., J. Res. Nat. Bur. Stand. 
(U.S.) 19,651 (1937); Meggers, W. F., and Corliss, C. B., J. 
Opt. Soc. Amer. 50, 1136A (1960); Nir, S., J. Opt. Soc. 
Amer. 60,354 (1970). 

[58] Camus, P., and Tomkins, F. S., J. Phys. (Paris) 30, 545 (1969). 

[59] Meggers, W. F., J. Res. Nat. Bur. Stand. (U.S.) 71A, 396 
(1967). 

(60] Kaufman, V., and Sugar, J., J. Opt. Soc. Amer. 63, 1168 
(1973). 

[6l] Bryant, B. W., J. Opt. Soc. Amer. 55,771 (1965). 
[62] Dieke, G. H., and Crosswhite, H. M., J. Opt. 50<::. Amer. 46, 

885 (1956). 
[63] Klinkenberg, P. F. A., Physica (Utrecht) 21,53 (1954); Bovey, 

L., Steers, E. B. M., and Wise, H. S., U. K. Atomic Energy 
Establishment AERE-R 3225, Harwell, 8 pp. (1960); Pin
nington, E. H., Can. 1. Phys. 41, 1294 (1963); Camus, P., 
and Masmoudi, K., Physica (Utrecht) 60, 513 (1972). 

[64] Camus, P., and Tomkins, F. S., J. Phys. (Paris) 33, 197 (1972). 
(65] Meggers, W. F., and Scribner, B. F., 1. Res. Nat. Bur. Stand. 

(U.S.) 5,73 (1930); Bovey, L. F. H., and Pearse, R. W. B., 
U. K. Atomic Energy Research Establishment AERE C/R 
1976, Harwell, 19 pp. (1956). 

[66] Kaufman, V., and Sugar, J., J. Opt. Soc. Amer. 61, 1693 
_ (1971). 
[67] Sugar, J., and Kaufman, V., J. Opt. Soc. Amer. 62,562 (1972). 
[68] Rauh, E. G., and Ackermann, R. J., ]. Chern. P~ys. 60, 1396 

(1974). This 1. P. value was obtained by an electron-impact 
method. No spectroscopically determined value is available; 
the LP. value for HE I given in ref. I is a rough estimate of 
"near 7 volts." 

[69J Mehlhorn, R., U.S. Atomic Energy Commission UCRL-18040, 
147 pp. (1968). 

pOJ This value is given in ref. 1. The text indicates that it is 
somewhat tentative. 

[71] Klinkenberg, P. F. A., van Kleef, T. A. M., and Noorman, P. 
E., Physic a (Utrecht) 27, -1177 (1961). The!'P. for Hf /II has 
an "uncertainty of a few 0.1 V." 

[72] Fred, M., and van Kleef, T. A. M., Physica (Utrecht) 28, 1007 
(1962). 

J. Phys. Chem. Ref. Data, Vol. 3,.No. 3,. 197~ 



778 MARTIN ET AL. 

TABLE 2. Ground levels (where known) for the neutral through triply ionized actinide atoms; ionization potentiall 
for the neutral actinide atoms. A level that has not been experimentally established as lowest is liste( 
(designation enclosed in braces) only if it is practically certain to be the ground level. . 

Neutral, I Singly ionized, II Doubly ionized, Triply ionized, 
III IV 

Z Element 

Ground Level I.p.a Ground level Ground level Ground level 
(volts) 

89 Ac 6d7s22D3J2 5.17(12) 7s 2 ISO 7s 2S 1/2 {6p 6IS0} 

90 Th 6d27s 23F2 6.08(12) (6d + 7S)3 ] =312 Sf6d ayo4 S/ 2FoS/2 

91 Pa 5FeH4 )6d 7s2 (4,312)1112 5.89(12) 5F7s23H 4 {SF W4 } 

92 U sJ3(4r912 )6d 7 S2 (912,312)°6 6.05(7) SJ37s 2 
4[°912 SJ3 4[°912 

93 Np Sf4(5/4)6d7s2 (4,312)1112 6. 19(12)b Sf4 S[4 

94 Pu 5f67s 27Fo 6.06(3) SJ67s 8F I12 Sf5 6HoSI2 

95 Am 5F7s28s07/2 5.993(10) 5F7s 9s04 SF Ss0712 Sj6 7Fo 

96 Cm SF(8so7/2)6d7s 2 (1/2,3/2)°2 6.02(3) SF7s 2 Ss07/2 SF 8s0712 
/ 

97 Bk SJ97s26Ho1512 6.23(3) SJ97s 7WS SIB 7F6 

98 Cf 5/167s 2 sIs 6.30(3) Sj10(S/s)7s (8,112)1712 S/, 6Ho15/2 

99 Es SJI 17s24
[01512 6.42(3) Sfll( 4[015/2)7 S (15/2, 1/2t 8 5111 4[01512 {5f10 SIs} 

100 Fm Sj127s23H 6 6.50(7)C {SIll 4[OISI2 } 

101 Md {Sf137s 22Fo7/2} 6.S8(7)d {SP2 Ws } 

102 No {5j147 S2 ISO} 6,6S(7Y {SJI47 s 2S I12 } '{Sj14 ISO} {SP3 2Fo 7/Z} 

103 Lr {5f14 ISO} 

a The number in parentheses is the estimated standard-deviation error in the last digit of the quoted value . 
.some values have additional uncertainties that are not included; see footnotes as indicated. 

b This value is based on an assumption that the ground level of Np II belongs to the Sf46d7s configuration. 
Since the lowest level of the Sfs7s configuration was taken as lying only 130 ± 800'cm-1 higher, the derived LP. 
value would not be significantly altered by assuming Sf57s to be lowest. However, it is also possible that the 
ground level belongs mainly to the 5f47s2 configuration, in which case the quoted J.P. value would be an upper 
limit. 

e This value is based on an assumption that the ground configuration of Fm II is 5f127s. If another configuration 
is lower, the value is an upper limit. 

d This value is based on an assumption of the ground configuration shown for Md I, and on the ground 
configuration 5f137s for Md II. The error estimate does not include other possibilities. 

e This value is based on an assumption that the ground configurations ?f No I and No II are as shown . 
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Key for references to table 2 

Neutral, I Singly ionized, n Doubly ionized, 11/ Triply ionized, IV 
Z Element 

Analysis LP. 

89 Ac 1 2 
90 Th 3 2 
91 Pa 7 2 
92 U 10 2 
93 Np 12 2 
94 Pu 13 2 
95 Am 16 2 
96 Cm 18 2 
97 Bk 21 2 
98 Cf 23 2 
99 Es 25 2 

100 Fm 28 2 
101 Md 2 
102 No 2 
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